Cardiovascular diseases and thrombotic events became major clinical problems in the combined antiretroviral therapy (cART) era. Although the precise mechanisms behind these clinical problems have not been fully elucidated, a persistent pro-inflammatory state plays a central role. As platelets play important roles on both, thrombus formation and inflammatory/immune response, we aimed at investigating platelet function in HIV-infected subjects virologically controlled through cART. We evaluate parameters of activation, mitochondrial function and activation of apoptosis pathways in platelets from 30 HIV-infected individuals under stable cART and 36 healthy volunteers. Despite viral control achieved through cART, HIV-infected individuals exhibited increased platelet activation as indicated by P-selectin expression and platelet spreading when adhered on fibrinogen-coated surfaces. Platelets from HIV-infected subjects also exhibited mitochondrial dysfunction and activation of apoptosis pathways. Finally, thrombin stimuli induced lower levels of P-selectin translocation and RANTES secretion, but not TXA 2 synthesis, in platelets from HIV-infected individuals compared to control; and labeling of platelet alpha granules showed reduced granule content in platelets from HIV-infected individuals when compared to healthy subjects. In summary, platelets derived from HIVinfected individuals under stable cART exhibit a phenotype of increased activation, activation of the intrinsic pathway of apoptosis and undermined granule secretion in response to thrombin.
Combined antiretroviral therapy (cART) is the cornerstone in the treatment of human immunodeficiency virus 1 (HIV-1)-infected individuals 1, 2 . Despite the viral control achieved through cART, HIV-infected individuals experience higher rates of long-term comorbidities such as cardiovascular diseases and non-AIDS cancers [3] [4] [5] [6] [7] . Nowadays, ischemic thrombotic events represent one of the most frequent long-term complications and cause of death among virologically suppressed HIV-1 individuals [7] [8] [9] [10] [11] . Many of long-term complications in HIV-infected individuals, including cardiovascular events, are related to continuing immune suppression 3, 9, 10 and associated with a persistent inflammatory state [12] [13] [14] . Platelets are highly specialized and essential effector cells in hemostasis that present major roles in pathological thrombosis. Aside from their role in coagulation, platelets are also major inflammatory cells with key roles in innate and adaptive immune responses 15, 16 . Activated platelets mediate inflammatory and immune responses by a variety of mechanisms, including release of stored chemokines and interactions with leukocytes through P-selectin-mediated adhesion [16] [17] [18] . It has been previously shown that HIV-infected individuals present increased platelet activation [19] [20] [21] [22] [23] . Platelet activation correlates with measures of immune and inflammatory activation in HIV-infected individuals [19] [20] [21] , and the levels of P-selectin surface expression associate with viral loads 19, 20, 22 . However, it is not known whether platelet activation persists in HIV-infected individuals virologically suppressed through ART.
Increased platelet activation in HIV-infected individuals virologically suppressed through ART.
To assess whether platelet activation was present in HIV-infected individuals virologically suppressed by ART, platelets from healthy volunteers and HIV-infected individuals were evaluated for P-selectin surface expression. The percent of P-selectin-positive platelets and the intensity of P-selectin labeling (mean fluorescence intensity, MFI) on platelets were significantly (p < 0.01) higher in samples from HIV-infected individuals [46 (Fig. 1A,B) . Next, we evaluated the spreading area of platelets from HIV-infected individuals or healthy volunteers when adhered to fibrinogen-coated surfaces. For this assay, platelets were adhered on surfaces coated with high-density of fibrinogen (100 µg/mL) which leads to reduced platelet spreading at baseline 29 allowing us to identify differential spreading between platelets from control or HIV-infected subjects. As shown in Fig. 1C , platelets from HIV-infected individuals under cART spread to a significantly (p < 0.05) increased area in response to fibrinogen when compared to platelets from healthy volunteers. Altogether, these data indicate increased platelet activation in HIV-1-infected subjects despite viral suppression through stable ART.
Mitochondrial dysfunction and apoptosis in platelets from HIV-infected individuals under stable ART. It has been previously demonstrated that increased platelet activation is associated to mitochondrial dysfunction and activation of the intrinsic pathways of apoptosis 30 . To evaluate the mitochondrial function in platelets from HIV-infected individuals, we used the mitochondrial targeted probes TMRE and MitoSox Red, which label mitochondrial membrane potential (ΔΨ m ) and mitochondrial-derived ROS (ROS m ), respectively. Mitochondrial specificity of the probes was confirmed by complete depolarization of platelet mitochondria with the proton ionophore FCCP (0.5 μM, 15 min) as previously reported 31 . As shown in Fig. 2A (Fig. 2B) . Mitochondria are important regulators of the intrinsic pathway of apoptosis, and increased mitochondrial dysfunction strongly suggests that apoptotic pathways are more active in platelets 32 . To assess activation of apoptosis pathways, we evaluated phosphatidylserine exposure and caspase-9 activation in platelets from HIV-infected individuals and controls. Platelet phosphatidylserine exposure was significantly higher (p < 0.01) in HIV-infected individuals [ (Fig. 2C) . In addition, caspase-9 activation was increased in platelets isolated from HIV-infected individuals [13.1 (IQ 11.2-29.8)] compared to healthy subjects [9.0 (IQ 8.2-11.5) (Fig. 2D ). In association with collapsed mitochondrial function, these data indicate activation of the intrinsic pathway of apoptosis in platelets during HIV-1 infection, even with viral suppression by ART.
Platelet exhaustion in HIV-infected individuals undergoing virological suppression through ART. Next, we determined the platelet response to thrombin stimulation in HIV-infected individuals under stable ART. Platelets from healthy donors or from HIV-infected individuals were incubated with 0.0 to 0.4 U/mL of thrombin according to described in material and methods. Even though platelets from HIV-infected individuals had increased P-selectin surface expression at baseline, P-selectin trafficking to surface in response to thrombin was lower in platelets from HIV-infected individuals compared to control subjects (Fig. 3A,B) . Consistently, higher concentrations of thrombin were necessary to achieve 100% of P-selectin-expressing platelets in samples from HIV-infected individuals than in control (Fig. 3A) . The intensity of P-selectin labeling on platelet surface (MFI) was significantly (p < 0.05) increased after thrombin stimuli in both healthy volunteers (270.9 ± 124.1 MFI versus 24.7 ± 11.3 MFI, for 0.4 U/ml of thrombin and unstimulated platelets, respectively) and HIV-infected individuals (119.6 ± 48.7 MFI versus 43.9 ± 23.8 MFI for 0.4 U/mL of thrombin and non-stimulated, respectively). However, P-selectin labeling on thrombin-stimulated platelets was significantly higher in platelets from healthy volunteers than HIV-infected individuals (Fig. 3B) , even with 100% of platelets expressing P-selectin in both groups (Fig. 3A) . Thrombin stimuli also increased the secretion of the stored chemokine RANTES/CCL5 in platelets from both, HIV-infected individuals (248.9 ± 63.5 pg/ml versus 154 ± 71.3 pg/ml for 0.4 U/mL of thrombin and unstimulated platelets, respectively; p = 0.043) and healthy volunteers (930.4 ± 584.2 pg/ml versus 137.1 ± 95.4 pg/ml for 0.4 U/mL of thrombin and unstimulated platelets, respectively; p = 0.034). However, chemokine secretion was significantly (p < 0.05) lower in platelets derived from HIV-infected individuals compared to healthy volunteers (Fig. 3C ). As both P-selectin and RANTES proteins are pre-formed and stored in platelet α-granules 16 , these data suggest exhaustion of platelet granules content in HIV-infected individuals under stable ART.
To assess platelet exhaustion during HIV-1 infection in more depth, we labeled sialic acid residues in α-granules of fibrinogen-adhered platelets using wheat germ agglutinin (WGA) and quantified the area of labeled granules per platelet. As shown in Fig. 4A ,B, platelets from HIV-infected individuals had reduced WGA stained area when compared to platelets from healthy volunteers. We then measured the granule-stored chemokine platelet factor 4 (PF4/CXCL4) through western blot, and observed lower PF4/CXCL4 quantities in platelets from HIV-infected subjects under stable cART compared to healthy volunteers (Fig. 4D) . Thrombin stimulation significantly (p < 0.05) reduced WGA labeled area and PF4/CXCL4 expression to the same extent in both HIV and control platelets (Fig. 4A,B,D) . Similarly, platelets from HIV-infected individuals increased their spreading area on fibrinogen after thrombin stimulation through the same extent than control platelets (Fig. 4A,C) . We then measured the levels of thromboxane B 2 (TXB 2 ), a stable metabolite of the eicosanoid TXA 2 , synthesized after platelet stimulation with thrombin. As shown in Fig. 3D , platelet stimulation with 0.1 to 0.4 U/mL of thrombin significantly (p < 0.05) increased the synthesis of TXA 2 compared to unstimulated platelets in both healthy volunteers and HIV-infected individuals. Taken together, these results indicate that platelets from HIV-infected individuals are responsive to thrombin, but secrete lower levels of granule stored factors (RANTES and P-selectin) because of exhausted granule content.
Discussion
Despite viral suppression achieved through cART, HIV-infected individuals have a heightened risk for developing long-term complications, including cardiovascular and thrombotic events 3, 7, 11 . Emerging evidence suggests a role for persistent immune activation and dysfunction 10, 14, 33 , and platelet activation may play an important role in these outcomes. Here we show that HIV-infected individuals virally suppressed through cART had increased platelet activation and signs of apoptosis when compared to control subjects. Moreover, we observed lower P-selectin surface translocation and RANTES secretion, but not TXA 2 synthesis, after thrombin stimulation of platelets from HIV-infected individuals compared to platelets from healthy volunteers. Chronic activation of platelets from HIV-infected individuals was associated with exhaustion of platelet granule content. Our data demonstrate that platelet activation and dysfunction persists in HIV-infected individuals undergoing viral suppression though cART.
Prior studies have demonstrated increased platelet activation in HIV-infected individuals [19] [20] [21] [22] [23] 34 . Platelet surface P-selectin expression and plasma markers of platelet activation, such as soluble P-selectin, CD40-L and glycoprotein VI, are increased in HIV-infected individuals and decrease during the first weeks after cART initiation 19, 35 . Here we show that, compared to healthy volunteers, platelet activation is still higher in HIV-infected individuals after at mean 60 months of ART.
Although HIV can direct activate platelets 36 , other mechanisms for platelet activation should be considered since, according to our data, platelet activation is also observed in virally suppressed HIV-infected individuals. One possible mechanism is microbial translocation, which is a central feature of HIV/AIDS pathogenesis and is still observed for years after antiretroviral treatment 37, 38 . According to this hypothesis, platelets express functional TLR4 39 and lipopolysaccharide binding to TLR4 on platelets triggers platelet activation 40 . Other possibilities are the increased generation of platelet activating factor (PAF) in HIV-1-infected subjects [41] [42] [43] and/or the effects of antiretroviral treatment itself. Regarding the latter, abacavir-containing antiretroviral regimens have been associated with platelet hyperreactivity while raltegravir-based therapy was associated with reduced platelet activation [44] [45] [46] . Ritonavir-containing protease inhibitor-based cART has been also associated to increased platelet activation when compared to samples obtained before therapy initiation in a small cohort of protease-inhibitor naïve patients 47 . New studies are still necessary to better understand the effects of different cART regimens, in particular the new drugs on platelet responses.
Apoptosis of peripheral blood mononuclear cells from HIV-infected individuals occurs in parallel to collapse of ∆ψ m and unbalanced ATP production 26, 48 . Follow up of HIV-infected individuals initiating antiretroviral treatment shows significant improvement of mitochondrial function and leukocyte apoptosis, but this cell death phenotype persists under ART and an influence of the treatment itself has been considered 26, 49, 50 . We similarly observed mitochondrial dysfunction and apoptosis in platelets from HIV-infected individuals virologically suppressed by cART. Platelets from HIV-infected individuals showed decreased ∆ψ m , increased generation of ROS m , increased caspase-9 activity and increased phosphatydilserine exposure, strongly suggesting activation of the intrinsic pathway of apoptosis. Platelet mitochondrial dysfunction and apoptosis is related to thrombocytopenia in other diseases conditions as dengue and sepsis 31, 51, 52 . In the present study, we did not observe a relationship of platelet mitochondrial dysfunction and apoptosis with platelet counts (data not shown). Future studies with larger cohorts and greater numbers of thrombocytopenic HIV-infected individuals will be necessary to address the role of platelet apoptosis in HIV-1-associated thrombocytopenia.
We also observed that HIV-infected individuals under stable ART presented platelet exhaustion, with reduced P-selectin translocation and RANTES secretion, but normal TXA 2 synthesis, in response to thrombin stimulation. Holme and colleagues 19 have previously demonstrated lower secretion of RANTES by platelets from HIV-1-infected subjects after stimulation with thrombin receptor agonist peptide. In this study, RANTES secretion by platelets from HIV-infected individuals reached closer to normal levels after 12 weeks of antiretroviral treatment, even though remained different from healthy volunteers 19 . Accordingly, our results show lower RANTES secretion by thrombin-stimulated platelets from HIV-infected individuals even under stable ART. Similarly, reduced staining for platelet dense-granules has been recently reported in HIV-infected subjects compared to healthy volunteers 53 , suggesting that platelet dense-granules are also exhausted in HIV infection. In contrast to the lower platelet degranulation in response to thrombin, increased aggregation response due to ADP, collagen or arachidonic acid stimulation was reported in platelets from HIV-infected individuals under stable antiretroviral treatment 54 . These data suggest that persistent platelet activation in HIV-1-infected subjects virologically suppressed by ART may have as consequence not only a deficient release of granule-stored factors, but also hyperreactive aggregation response and thrombus formation.
Our study has limitations. Because of the cross-sectional design and small sample size in this study we could not address the potential effects of different ART regimens on platelet physiology. Also, we observed a small difference in age between HIV-infected individuals and controls. However, age is not classically associated with P-selectin expression in other studies 20, 55 . In summary, we report increased platelet activation, mitochondrial dysfunction and apoptosis in platelets from HIV-infected individuals under stable ART. We also provide evidence for platelet exhaustion as a possible consequence of chronic platelet activation during HIV-1 infection. To our knowledge, this is the first description of platelet apoptosis in HIV-1-infected subjects. These data demonstrate that platelets are persistently activated during HIV-1 infection, even though viral suppression is achieved through ART. Each of these cellular events potentially contributes to sustained inflammation and increased cardiovascular risk in HIV-infected individuals undergoing virological suppression though ART.
Material and Methods
Ethics Statement. The study was conducted in accordance with the Declaration of Helsinki. Written informed consent was obtained from all volunteers or their surrogate decision makers, prior to any study-related procedure. The study protocol was approved by the Institutional Review Board (Instituto Nacional de Infectologia Evandro Chagas -CAAE 0043.0.009.000-11; and University of Utah Molecular Medicine Program -IRB_00077138).
Design and setting. Thirty six healthy volunteers and 30 HIV-infected individuals under stable ART
were included from the outpatient clinic of the National Institute of Infectious Diseases Evandro Chagas (INI), Oswaldo Cruz Foundation (FIOCRUZ), Rio de Janeiro, Brazil or from the Molecular Medicine Program, University of Utah, Salt Lake City, Utah, USA. All samples were collected in the morning. Exclusion criteria for this study included age <18 years, current use of NSAID or other antithrombotic agents, history of myocardial infarction, co-infection with HCV, HBV or HTLV, co-existing cancer and co-existing active infection.
Platelet Isolation. Platelets were isolated using the methods described by Hamburger & McEver 56 . Briefly, peripheral blood samples were drawn into acid-citrate-dextrose (ACD; 3 ml ACD/ 17 ml of blood) coated syringe. Samples were then centrifuged at 200 × g for 20 min to obtain platelet-rich plasma (PRP). PRP was centrifuged at 500 × g for 20 min in the presence of 100 nM PGE 1 (Cayman Chemicals, Michigan, USA). The supernatant was discarded and platelet pellet was resuspended in 25 mL of PIPES/saline/glucose (5 mM piperazine-N,N-bis [2-ethanesulfonic acid], 145 mM NaCl, 4 mM KCl, 50 mM Na 2 HPO 4 , 1 mM MgCl 2 −6 H 2 O, and 5.5 mM glucose) containing 100 nM of PGE 1 . The platelet suspension was recentrifuged at 500 × g for 20 min, the supernatant was discarded, and the pellet was re-suspended in medium 199 (M199, Lonza Biologics; Basel, Switzerland). All centrifugations were performed in the absence of a brake. The purity of the platelet preparations (greater than 99% CD41 + events) was confirmed by flow cytometry.
Flow Cytometry Analysis. Freshly isolated platelets (1 × 10 7 ) were re-suspended in 500 µL of modified Tyrode's (137 mMNaCl, 2.68 mM KCI, 5 mM HEPES, 1 mM MgCl 2 , 11.9 mM NaHCO 3 , 0.42 mM NaH 2 PO 4 e 4.7 mM glucose; pH 7.4) and analyzed through flow cytometry. The following indices were assessed:
SCIENtIFIC REPORTS | (2018) 8:14999 | DOI:10.1038/s41598-018-33403-0 P-selectin (CD62-P) surface expression was determined by incubating (37 °C for 30 min) platelets with a PEor FITC-conjugated antibody (1:25 µg/mL) that targets CD62P (BD Pharmingen, San Diego, CA, USA); mitochondrial membrane potential (ΔΨ m ) was measured using the cationic probe Tetramethylrhodamine ethyl ester (TMRE; Fluka Analytical, St. Gallen, Switzerland) (100 nM at 37 °C for 10 min); mitochondria-generated reactive oxygen species (ROS m ) were detected using the cationic probe MitoSOX Red (Invitrogen, Carlsbad, CA, USA) (2.5 µM at 37 °C for 10 min); activation of caspase-9 was assessed using the fluorescent probe green FAM-LEDH-FMK, FLICA according to the manufacturer's instructions (Immunochemistry Technologies, Bloomington, MN USA.) and; phosphatidylserine exposure on the surface of platelets was determined using FITC-conjugated Annexin V according to the manufacturer's instructions (BD Pharmingen). Platelets were gated by specific binding to CD41 and characteristic forward and side scattering. A minimum of 10,000 gated events were acquired using a FACS Calibur flow cytometer (BD Bioscience). For each condition, we defined the appropriate color compensations and determined the mean fluorescence intensity (MFI) or the percentage of positive platelets.
In vitro platelet stimulation. Platelets (05 × 10 6 in 100 µL) from healthy uninfected donors or from HIV-infected individuals were stimulated with 0.05, 0.1, 0.2 or 0.4 U/mL of thrombin (Sigma, T1063; MO, USA), or kept in medium only. Platelet P-selectin surface expression and the concentration of RANTES/CCL5 and TXB 2 in the supernatants were evaluated 1 hour after thrombin stimulation.
Quantification of RANTES and TXB2 in supernatant. The content of the chemokine RANTES/CCL5 and the eicosanoid TXB 2 were measured in the supernatants from thrombin-stimulated platelets using commercially available ELISA and EIA Kits, respectively, according to the manufacturer's instructions (R&D systems and Cayman chemicals, respectively).
Static platelet adhesion assay and confocal microscopy analysis. For platelet spreading experiments, borosilicate glass Lab-Tek chambers were coated with fibrinogen (100 µg/ml, 1 h at 37 °C). Platelets (1 × 10 7 ) from HIV-infected individuals or healthy volunteers were stimulated with thrombin (0,0 or 0,4 U/mL) for 20 min prior to exposure to fibrinogen coated surfaces. After 1 hour incubation at 37 °C, platelets were fixed in 4% paraformaldehyde and washed three times with PBS. Platelets were stained with WGA (Wheat Germ Agglutinin, Alexa Fluor ™ 555 #W32464) and phalloidin (Alexa Fluor ™ 488 Phalloidin #A12379) for 30 min at room temperature and imaged using FV1000 1 × 81 confocal microscope and FluoView software (Olympus). Images were analyzed using ImageJ version 1.49 m software (National Institutes of Health, USA) with Java 1.6.0_24 (64-bit). We developed a macro to analyze the total WGA stained area (red) in each field adjusting the same parameters of color balance, contrast, background and noise. Images were processed so that the threshold setting for quantifying the total and relative area of WGA staining excluded most of interferences from the image acquisition. A different macro was developed for the counting of platelet numbers in each field (phalloidingreen). In this case, threshold was adjusted to consider the differential platelet spreading among groups. Then, total WGA stained area was normalized by the number of platelets in each field and the mean of these measurements was plotted for HIV-infected individuals or healthy volunteers.
Western blot. Freshly isolated platelets from HIV-infected subjects or healthy volunteers were kept unstimulated or stimulated with 0.4 U/mL of thrombim for 1 h. Platelets were them lysed (0.15MNaCl, 10 mM Tris pH 8.0, 0.1 mM EDTA, 10% Glicerol and 0.5% triton X-100) in the presence of protease inhibitors (Roche, Indianapolis, IN). Platelet proteins (17.5 μg) were separated by 15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred into nitrocellulose membrane. The membrane was blocked in Tris-buffered saline (TBS) supplemented with 0.1% Tween 20 (TBS-T) and 5% low-fat dried milk for 1 h before incubation overnight with mouse anti-human PF4/CXCL4 (R&D Systems) (1:1000) or for 1 h with mouse anti-human β-actin (Sigma Aldrich) (1:10,000) primary antibodies. After washing five times in TBS-T, the membrane was revealed using peroxidase-conjugated secondary antibodies against mouse immunoglobulin (Vector) (1:10,000, 1 h).
Statistical Analysis. All statistical analyses were performed using GraphPad Prism 7.0 software (San Diego, CA). Kolmogorov-Smirnov or Shapiro-Wilk normality test were used to determine whether samples followed normal distribution. T test was used for comparison between two experimental groups that followed a parametric distribution. Mann Whitney U test was used to determine whether differences were present between two experimental groups that followed a nonparametric distribution. A paired two-tail t-test was used to compare thrombin-stimulated with non-stimulated platelets from HIV-infected individuals or control group. Correlations were assessed using the Pearson's test.
